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Abstract 

This erratum contains the fuh corrected version of the paper Complete set of 
Feynman rules for the Minimal Supersymmetric Standard Model [1] . The complete 
set of Feynman rules for the R-parity conserving MSSM is listed, including the 
most general form of flavour mixing. Propagators and vertices are computed in 
t'Hooft-Feynman gauge, convenient for perturbative calculations beyond the tree 
level. 
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Instead of putting on the web next version of the "erratum", with few more errors 
in the original paper corrected, I decided to resubmit the "integrated" version, i.e. full 
paper text with all necessary corrections included - it should be easier to use in this way. 
I also used this opportunity to correct the most irritating features of the notation used 
in the original Phys. Rev. D paper, making it, wherever possible, closer to commonly 
used naming conventions. However, I kept unchanged the "final" matrix notation for 
the interactions vertices in the mass eigenstates basis, as it proved to be very useful in 
compactifying many complicated loop calculations. 

Most of the expressions for mass matrices, mixing angles and vertices listed in [1] have 
been checked during the calculations of the 1-loop radiative corrections in the gauge and 
Higgs sectors of the MSSM [2, 3] and in calculations of various CP violation/FCNC pro- 
cesses [4, 5, 6] The 1-loop corrections were calculated in on-shell renormahzation scheme, 
which provide a very strict test of correctness of all formulae entering the expressions for 
the renormalized quantities: most of the errors in Feynman rules lead immediately to 
non-cancellation of the divergencies. Only the most exotic vertices like 4-sfermion cou- 
plings, several rarely used 2 Higgs boson-2 sfermion couplings were not used and did not 
pass this test yet. Other vertices can be with good probability considered as checked. 

Formulae for diagonalization of mass matrices and most of the vertices listed in [1] 
are accessible also as the ready FORTRAN codes. They are part of the bigger library for 
calculation of the 1-loop radiative corrections in on-shell renormahzation scheme to the 
MSSM neutral Higgs production and decay rates. This library can be found at: 

http:/ / www.fuw.edu.pl/~rosiek/ physics/neutraLhiggs.html 

In order to avoid too many replacements in hep-ph archive, and to speed up 
the process of introducing further corrections if any were found, I will always 
put the most recent version of this collection of Feynman rules on my private 
web page. It will be available at: 

http:/ / www.fuw.edu.pl/~rosiek/physics/prd41 .html 

I will not update the hep-ph version of the erratum any more! 
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Abstract 

The complete set of Feynman rules for the i?-parity conserving MSSM is listed, 
including the most general form of flavour mixing. Propagators and vertices are 
computed in t'Hooft-Feynman gauge, convenient for perturbative calculations be- 
yond the tree level. 

1 Introduction 

Since many years the minimal supersymmctric extension of the standard model (MSSM) 
has been the subject of intensive studies. Practical calculations in the MSSM are usually 
tedious because of its complexity. For easier reference, in this paper we complete all 
Feynman rules for the MSSM in the t'Hooft-Feynman gauge, convenient for calculations 
of loop corrections. We put special emphasis on including the most general form of flavour 
mixing allowed in the i?-parity conserving MSSM. 

Some of the mass matrices and vertices given in the paper, mainly related to the Higgs 
and -inos sectors, has been listed in other papers (see e.g. [7, 8]). For completeness, we 
write down those formulae once again, in order to collect in one place and fixed convention 
the full set of rules needed to calculate any process in the frame of the MSSM. The spinor 
conventions used in the paper follow those given in [7]. 

The paper has the following structure. Section 2 contains short review of the rules 
of constructing SUSY Yang-Mills theories. In section 3 we define fields and parameters 
present in the MSSM Lagrangian. The physical content of the theory - the mass eigen- 
states fields are given in section 4. In section 5 we define the gauge used throughout the 
paper. Section 6 contains the MSSM Lagrangian expressed in terms of the physical fields. 
A short summary and comments on the choice of the parameters of the model are given 
in section 7. In Appendix A we write down the MSSM Lagrangian in terms of the initial 
fields, before the SU{2) x C/(l) symmetry breaking. Appendix B contains the full set of 
Feynman rules corresponding to the Lagrangian of section 6. 

2 General structure of the SUSY models 

Supersymmctric Yang-Mills theories contain two basic types of fields - gauge multiplets 
(A", V^) in the adjoint representation of a gauge group G and matter multiplets {Ai, ipi) in 
some chosen representations of G. By A and ip we denote here fermions in two-component 
notation, Ai are complex scalar fields and are spin-1 real vector fields (the spinor 
notation and conventions used in the paper are the same as those explained in Appendix A 
of ref. [7]). To construct the Lagrangian of such a theory we follow the rules given in ref. [7]. 
In the strictly supersymmctric case one has the following terms (summation convention 
is used unless stated otherwise): 



1. Kinetic terms. 



2. Self interaction of gauge multiplets: three- and four-gauge boson vertices plus addi- 
tional interaction of gauginos and gauge fields: 

3. Interactions of the gauge and matter multiplets (T" is the Hermitian group generator 
in the representation corresponding to the given multiplet): 

igV2mX-^jA*-~X-^iAj), 
g^{T''T'')ijV;^V''''A*Aj. 

4. Self interactions of the matter multiplets. For technical reasons it is convenient to 
define the so called "superpotential" W as at most cubic gauge-invariant polynomial 
which depends on scalar fields Ai, but not on A* [7] (alternatively, the superpotential 
can be defined as a function of the superfields). Introducing two auxiliary functions: 

Fi = dW/dAi 
= gA*^Aj 

one can write the scalar supersymmetric potential as: 

V = + F*Fi 

2 ' » » 

Yukawa interactions are given by: 

In the case of semisimple groups G = Gi x . . . x in the expressions above one 
should substitute terms of the form gVT by sums SgfjV^Tj and similarly for gauginos. 
There arc also n vertices \ — \ — V and n terms in the scalar potential. For f/(l) 
factors there arc no gaugino-gaugino-gauge interaction, and, by convention, the product 
gT^jV^ is replaced by \gyi5ijV^ (no sum over i), where Hi is the U{1) quantum number of 
the matter multiplet (Ai,'^i) (similarly for gauginos). In general the U{1) D-field may be 
shifted by the so called Fayet-Ihopoulos term ^ [9] : 

D = ]^gy,A*Ai + i 

^ 7^ may introduce dangerous quadratic divergences into the theory. In most realistic 
models (including MSSM) this term is absent. 

This completes the construction of a strictly supersymmetric theories. To build mod- 
els which preserve the most important feature of such theories - absence of quadratic 
divergences - and which simultaneously are experimentally acceptable, it is necessary to 
add to the above Lagrangian explicit soft SUSY breaking terms. The most general form 
of appropriate expressions can be written down as [10]: 

mi^A^ + m2'^A^ + y{A^ + H.c.) + m^iX'X' + H.c.) 

A^ and A^ denote symbolically all possible gauge invariant combinations of scalar fields. 
These terms split the masses of scalars and fermions present in the SUSY multiplets and 
introduce new, non-supersymmetric trilinear scalar couplings. 



3 MSSM field and coupling structure 



To obtain the realistic supersymmetric version of the Standard Model one should extend 
the field content of the theory by adding appropriate scalar or fermionic partners to the 
ordinary matter and gauge fields. As stated in the previous section, the supcrpotcntial can 
only be constructed as a function of fields and not of their complex conjugates. Therefore 
it is not possible to give masses to all fermions using only one Higgs doublet - at least two 
with opposite C/(l) quantum numbers are necessary. The full field content of the MSSM 
is listed below: 

1. Multiplets of the gauge group SU{3) x SU{2) x U{1): 

• B^,\b - weak hypercharge gauge fields, coupling constant gi 

• A^, - weak isospin gauge fields, coupling constant g2 

• G^, - QCD gauge fields, coupling constant 

2. Matter multiplets - we assume that three matter generations exist, so the index / 
(and similarly all capital I, J,K . . . indices in the rest of the paper) runs from 1 to 
3 (such notation can be immediately generalized to the case of generations) . 



Scalars Fermions t/(l) charge 

R' = g« vti 




The SU (3) indices are not written explicitly. We assume that Q quarks and squarks 
are QCD triplets, D and U fields - QCD antitriplets. 

In order to define the theory we have to write down the superpotential and introduce 
the soft SUSY breaking terms (without them even using two Higgs doublets it is impossible 
to break spontaneously the gauge symmetry). The most general form of the superpotential 
which does not violate gauge invariance and the SM conservation laws is: 

Some bilinear and trilinear terms (e.g. e^j^eyHfLj) are gauge invariant but break lepton 
and/or barion number conservation, so we do not include them. In general, presence of 



such terms can be forbidden by requiring the preservation of additional global symmetry 
of the model, so called i?-parity (for review see e.g. [11]): 

R = (_l)^+3B+25 

Soft breaking terms can be divided into several classes: 

1. Mass terms for the scalar fields. 

-{miy-^Qi*Qf - {mlY^D'^D^ - {mlY^U'^'U^ 

2. Mass terms for gauginos. 

^MiAbAb + ^M2A^A^ + ^MsA^A^ + H.c. 

3. Trilinear couplings of the scalar fields corresponding to the Yukawa terms in the 
superpotential. 

ml,eijHlH] + e.jAj' HIl'^R' + e,^£,' HIQ]d' + e,^£J H^Qp' + H.c. 

4. Trilinear couplings of the scalar fields, different in the from from the Yukawa terms 
in the superpotential (sometimes called "non-analytic terms" as they involve charge 
conjugated Higgs fields). Usually such couplings are not considered as they are not 
generated in the most popular SUSY-breaking models. 

X^'H^'^LlR^ + Xl^H^^QlD' + X^'Hl^QlU' + H.c. 

In general constants rril^-i Yukawa matrices, squark and gaugino masses and the 
trilinear soft couplings may be complex. One can perform three operations which eliminate 
unphysical degrees of freedom. First, it is possible to change globally the phase of one 
of the Higgs multiplets in such a way, that the constant becomes a real number. 
Then the equations for the vacuum expectations values of the Higgs fields involve only 
real parameters (at least on the tree level). Second, one can redefine simultaneously the 
phases of all fermions in the model removing the complex phase from one of gaugino mass 
parameter (see e.g. [4]). Paralelly one should redefine the phases of other couplings to 
absorb the change of the phase of the Higgs multiplet. The last operation is the same as 
in the SM - by the rotation of the fields 

and similarly for leptons, one can diagonalizc the matrices 1^/"^, Y^^ and Yj'^ obtaining 
Yukawa couplings of the form eijY/H^LjR'^ etc. Simultaneous rotations of quark and 
squark fields lead to the so-called supcr-KM basis (sec e.g. [5]). After the proper redefini- 
tion of the parameters the matrices Vq, Vu, Vd, Vl and Vr disappear from the Lagrangian 



(no sum over i) 



leaving as their trace the Kobayashi-Maskawa matrix appearing in many expressions 
containing both quarks and squarks: 



Of course, sfermion mass matrices in the super-KM basis may be still non-diagonal, i.e. 
Yukawa and soft matrices need not to be diagonalized by the same rotations. 

In the rest of the paper, in particular in section 4 and in Appendix A we use the 
rotated soft breaking parameters. For example, if the initial Yukawa and trilinear scalar 
couplings were Y^^^ and A^^^ , respectively, the rotation of the quark and squark fields to 
the super-KM basis lead to diagonal Yukawa couphng — Vqi^u^^'Vu and new trilinear 
scalar couphng = VqiA^^'^Vu-, which are then used in other expressions. The procedure 
of the redefinition of the squark mass matrices remains some freedom. We have chosen the 
redefined left squark mass matrix parameter in such a way that the Kobayashi-Maskawa 
matrix multiplies itVq in the up-squark mass matrix. 

The full Lagrangian written in terms of the initial fields (before SU (2) xU{l) symmetry 
breaking) is given in Appendix A. 

4 Physical spectrum of the MSSM 

In the previous section we defined the field content and all parameters of the MSSM. 
To obtain the physical spectrum of particles present in the theory one should carry out 
the standard procedure of gauge symmetry breaking via vacuum expectation values of 
the neutral Higgs fields and find the eigenstates of the mass matrices for all fields. The 
VEV's of the Higgs fields satisfy the following equations {9 denotes the Weinberg angle, 
sw — sin^, cw — cos 9, e — g2Sw — gicw)'- 



Parameters of the above set of equations arc constrained by the condition that Vi and V2 
should reproduce the proper values of the gauge boson masses. 

The physical fields of the MSSM can be identified as follows: 

1. Gauge bosons. Eight gluons g'^ and the photon are massless, bosons and 
have masses 







2. Charged Higgs scalars. Four charged Higgs scalars exist, two of them with the mass 

Ml± = + mjf^ + mjj^ + 2|/i|2 

and the other two massless. In the physical (unitary) gauge H^(= G^) are eaten 
by W bosons and disappear from the Lagrangian. Fields Hi and H2 are related to 
the initial Higgs fields by the rotation matrix Zh '■ 




3. Neutral Higgs scalars. If the Lagrangian contains only real parameters the neutral 
Higgs particles have well defined CP eigenvalues - two of them are scalars, the 
other two are pseudoscalars. This is no longer true if some parameters are complex. 
Nevertheless, in both cases it is convenient to divide neutral Higgses into two classes. 

i) "Scalar" particles , i — 1,2, defined as: 

V^^Hj = Z'^H^ + Vi (no sum over i) 
The matrix Zr and the masses of Hf can be obtained by diagonalizing the 



matrix: 



7^ 



12^ -t- ^ '2 2 a 



e^viV2 ™2 Vl I - "2 



7 - , 

' 



ii) "Pseudoscalar" particles A° , i = 1, 2: 

V2QHi = Z'^A^- (no sum over i) 

Al{= A^) has the mass M| = m|^^ + + 2|//p, ^°(= G°) is the massless 
Goldstone boson which disappears in the unitary gauge. The Zh matrix is the 
same as in the case of the charged Higgs bosons. 

Matrix notation used in the paper is convenient in the case of non-unitary gauge, 
when the Goldstone bosons are explicitly present in the Lagrangian and enter the 
calculations together with the physical Higgs particles. In order to compare our 
expressions with the more commonly used notation one should substitute: 



sin/9 —COS/9 A ^ _ f cosa — sina 
cos/3 sin/3 j ^ \ ^i^ct cosa 



where: 



tan P 



V2 
Vl 



It is also worth remembering that due to the SUSY structure of the model the Higgs 
boson masses fulfill two interesting tree-level relations: 



M 



Ml. 
if? + Mho 



w 



4. Matter fermions (quarks and leptons) have masses (note that Y/ are defined as 
negative) : 



mi = 

V2 



m 



m. 



I 



5. Charginos. Four 2-component spinors (A]^, A^, ^\\) combine to give two 4- 
component Dirac fermions X\iXi corresponding to two physical charginos. The 
chargino mixing matrices Z+ and Z_ are defined by the condition: 




M 



X2 



The unitary matrices Z_ , are not uniquely specified - by changing their relative 
phases and the ordering of the eigenvalues it is possible to choose M^^ to be positive 
and M^^ > M^^. The fields Xi related to the initial spinors as below: 



H2 



± 



72? + 

z'\- 



V2 



zZ'^Kf 



Xi 




6. Four 2-component spinors {Xb, X\, "^hi, "^^2) combine into four Majorana fermions 
X°, i — 1 . . .4, called neutralinos. The formulas for mixing and mass matrices are 
the following: 



7^ 



Ml 





— evi 


e-»2 


\ 


2cw 


2cw 





M2 


evi 


~ev2 
2s\Y 




—evi 


evi 









2cw 






ev2 
2cw 


—ev2 
2sw 


-1^ 





/ 



■IN 



( M^o 



V 



\ 

^x2 / 



*1 



lf2 



74i 



Xi 



7. SU (3) gauginos do not mix. In four component notation one has eight gluinos 
with masses IM3I. 

8. Three complex scalar fields L{ form three sneutrino mass eigenstates with masses 
given by diagonalization of a matrix Ai^ : 

( Ml 

ZlMlZ, = 



Mi = 



e^{ vl - vl) 



\ 

Ml J 



1 + mi 



Sneutrinos are neutral but complex scalars. 
9. Fields L2 and mix to give six charged selcctrons Li, i = 1 . . .6: 



(/+3)i 



Lt 



A ( {Ml,,, 



{Ml) 



LR 

(■Mi)L iMl)^^ 



(Ml 



\ 



\ 



Ml I 



8s2 r2 



\ ^JRR 



1 + + K)^ 



10. Fields Q{ and C/^ turn into six up squarks Ui. 



.T ( (Ml),, {MD,^ \ 
[ {Mf,)U {Ml),, ) 



( 



Ui 



V 



\ 



Ml J 



(Ml) 
{Ml) 



LL 



Ml 



RR 



LR 



e\vl-vl)^ vlY^ 

-i i - h rriij 



6c2 



w 



One should note that Zjj is defined with the complex conjugate comparing to defini- 
tions of Zj^ (and below). With such a definition, all positively charged sfermion 
fields in the MSSM Lagrangian in section 4 are multiplied by Z^, negatively charged 
by Z'^x ■ This makes easier to control correctness of various calculations including 
complex parameters. 

11. Finally one has six down-squarks composed from fields Q\ and D^: 



7^ 



{Ml) 
{Ml) 



LL 



LR 



{Ml),n 

{MDnR 



\ 



\ 



[Ml) 
(Ml) 
{Ml) 



LL 



RR 



LR 



n r {mn) 



24,2 2 



12c2 



w 



= ■^{v2{Ydii'' -A'a)+viAd) 



We have now completely defined all the physical fields existing in the MSSM: 



Photon 












Gauge bosons 












Gluons 




a = 


1.. 


.8 




Gluinos 


A a 


a = 


1.. 


.8 


(Majorana spinors) 


Charginos 


Xi 


i — 


1,2 




(Dirac spinors) 


Neutralinos 




i = 


1 . . 


4 


(Majorana spinors) 


Neutrinos 




I = 


1 . . 


.3 


(Dirac spinors) 


Electrons 




I = 


1 . . 


.3 


(Dirac spinors) 


Quarks 




I = 


1.. 


.3 


(Dirac spinors) 


Sneutrinos 




7 = 


1.. 


.3 




Sclcctrons 




i = 


1.. 


6 




Squarks 




i — 


1.. 


6 




Higgs particles: 












charged 


Ht (= H^) 










neutral "scalar" 


Hi Hi (^ H,h) 










neutral "pseudoscalar" {= A^) 











Not for all the possible values of input parameters one can obtain reasonable sets of 
particle masses. For instance, for some choices of the Higgs sector data the SU{2) x U{1) 
symmetry would not be broken or, on the opposite, incorrect values of squark sector 
parameters can lead to negative values of their masses and in consequence to the color 
symmetry breaking [12] 



5 Choice of the gauge 

As long as one considers various processes in the spontaneously broken gauge theory in 
the tree approximation, the most natural and preferred choice is the unitary gauge in 



which the unphysical Goldstone bosons are absent from the Lagrangian and Feynman 
rules. When one wants to calculate higher order corrections, one must include the ghost 
loops suitable for the given gauge. In such case it is much more efficient to use the t'Hooft- 
Feynman gauge, in which the Goldstone fields appear explicitly in the calculations, but 
ghost vertices are relatively simple. For our model the appropriate choice for the gauge 
fixing terms is: 

- MzG^d'^Z^ - iMw{G+d^W^ - G-d^W+) - ^iMliG^'f - ^M^G+G- 

In some calculations it may be convenient to use even more complicated version of 
the above expression, with different gauge fixing parameters for various gauge groups (see 
e.g. [2]). 



6 The interaction Lagrangian 

Although we consider only the minimal extension of the standard model, the full set of 
Feynman rules for such a theory in the gauge described in section 5 is very complicated. In 
this section we write down the interaction part of the MSSM Lagrangian. The propagators 
and vertices suitable for the chosen gauge are collected in Appendix B. Of course, one 
can obtain from them rules for tree calculations in the unitary gauge by setting and 
^2 to zero and neglecting the ghost terms. 

It is convenient to divide all terms in the Lagrangian into classes corresponding to the 
different types of particles taking part in the interactions (the quark, squark and gluino 
vertices which contain the QCD coupling constant 513 are collected together as the separate 
class) . 

We start from two technical remarks explaining the notation used through the rest 
of the paper. First, the expression "+H.c." always refers only to the hue in which it 
was used. Second, after the diagonalization of the superpotential the Yukawa matri- 
ces Y/'^ ,Y^'\YJ'^ change into Y/S^'^ ,Y^S^'^ ,YjS^"' and simultaneously sums of the type 
j^ijyJi^ j^KL QQj^vgrt into A^^Yi^B^^ etc., containing the capital indices I,J,K... more 
than twice; nevertheless, one should always use the summation convention in those cases. 
This should not lead to any misunderstandings. 

1. Interactions of gauge bosons and superscalars. 

i) quark-squark-gauge interactions (the color indices are not written explicitly): 
- '^eu'ru'F, - jze{Urd'^U+)F, + ^ed'^d^F, + Ue{D+d'^D-)F^ 



2s\yCw 3 2s\yCw 3 



4 

+ 



+ 



1 2 



+ 



+ ^Zlj*Zliw;W-^UrUl + ^Z^j^Z'^^^W^W- 



ii) lept( 



;on-slept( 

e 



^^Zj^Z^'K-'^'D+U+iZ'^i 
' ';on-gauge interactions 



Z^Z^D+Dr 



'sw - F^cw)W- + H. 



.c. 



+ 



-^v'^Plv'Z, - -^^(i>'*W)Z, + ee'^e'F^ + ie{Ltd'^L-)F, 

^^(Zi'zl''-2,l,S")(,Lfd'-LJ)Z, 



-^i/V^Le^W^; - -^Zi'Z\:{Ltd'^D-')W- + H.c. 

p2 p2 , ^. 



+ 



p2 



-J Zi'Zl^V'LtW;:{Z^sw - F^cw) + H.c. 

2. Interactions of the 
define tfie auxiliary m 



+ 



tractions of the Higgs particles and gauge bosons. For more concise notation, 
the auxiliary matrices 

The Higgs-gauge interaction has the form: 



4' 



+ 

ie 

Sw 



+ 
+ 



''r = v^Z]i + V2Z] 

the form: 

-^A%{H^d'^Hj)W; - ^{A^d'^Hr)w; + H.c. 
i^CUW^W-'^ + :^Z,znH^ - ('-^{Z^sw - F^cw)W^H^ + H.c.^ 



w 

2 



2c 



w 



e 

2s 



w 



+ 



^^^A%{Z^sw - F^cw)W+H.H^ - ^^{Z^sw - F'^cw)W+HrA'^ + H.c. 

3. Higgs-lepton and Higgs-quark interactions. 

+ -^Y/Z]ie'e'H^ - ^IZ^e'^.e'A^ - Y/Z]l{e'pyHr + H.c.) 

+ -^Y^Z]ld^d^H^ - ^YlZlu'u'E^ - ^YlzYd'l.d'A\ + 
+ d\-YjZ}lPL + Y^^Z]IPr)K-^VH- + H.c. 

4. Interactions of the charginos and neutralinos with the gauge bosons: 

e 



2S]yC\Y 



Sw 



X^r {z'^*Zl^Pr. + Z]!Z'j'Pn + (c^ - s'^)d^^) XjZ, 

x°w; + H.c. 



iZj^Z'^" - -^Z^^4^'^)Pi + (Z'^^Z'J + -^Z'/Z'J)P, 



1 

V2' 



+ 



{{Zf^^Ztj - Zf^*Z'J)P^ - {Zf^Ztj* - Z'^Z'J^)Pn) x]Z, 



5. Interactions of the charginos and neutrahnos with the supcrscalars. 

i) interactions with squarks (superscript "C" denotes the charge conjugated spinor): 



Zu*{-Zl^sw + Z'^cw) - Yu Zu^^^^* Z'^] Pl 



— Zui-- 
W2swCw 3 



+ ( - Y^Zli^Zr] Pn 



+ Dtx] 



-e „...l 



u' + H.c. 



/K Zj^{-Z]jsw - Z'^cw) + Y^ Z^,^~^^^' Z^ Pl 
V ZSwCw "J / 



+ 



7(/+3)i ^Ij* ryli ^3j* ' 

Zin -\-1jZji-)Zj 



3c 



W 



d' + H.c. 



+ U+d 



—z^'zl^* + Y^^zif+^^'zl'*)PR - Ylzilz'^ip, 

Dfx^ Y—Z%Z'l + F/z{,^+^)^z!^)Pi - Y^Z'^Z^^Pn 
L Sw 



K'^'^X) + H.c. 
K^^*u^ + H.c. 



ii) interactions with sleptons 



+ 



\f2s\\/Cy/ 



+ X 



Zl'\Z^^sw - Zf^cwy^XiPLy' + H.c. 

Zl{Z^sw + Zf^cw) + Y/Z^'^^^'^Z^ ) Pl 



^ y/2swCw 



+ 



3^2 



Cw 

- x?{—Z^^Pl + Y/Zi'*PR)Zy*e'u-'* + H.c. 

Sw 



7(7+3)? ylj* , T^I yli ySj* \ p 



e'Lf + H.c. 



Zi^Zi^' + Y/z[''-^'^'zl^)xjPyL+ + H.c. 



Sw 



6. Interactions of the charginos and neutralinos with the Higgs particles. 



+ 



le 



+ {Zr^n* - Z]l'Zf}*){Z]j*sw - Z'^J*cw)Pr x'jH^ 
Zn ~ Z'^Z^){Zl^sw — Z'^cw)Pl 



{Z^hZn* — Z'j^ Z^'*){Z]^* sw — Z^*cw)Pr xM' 



,0 AO 



j k 



+ 
+ 



ie 

\f2sw 
e 

SwCw 



Xi 
Xi 
Xj 



[Z]^Z^_!Z'^ + Z^j^Z]!Z^^)Pl + {Z'^Z^J^ZX' + Zi^'^Z2")P^] XjHl 
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7. Self-interactions of the gauge bosons. 
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9. Scalar potential of the Higgs particles. This is the first part of the huge and complicated 
quartic potential of the 27 scalar fields appearing in the theory. To streamline notation 
we define four further auxiliary matrices: 
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The Higgs potential is expressed as: 
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It is easy to see that the couphngs HfH^ A\ and HfH,j AlHj^ disappear in the unitary 
gauge. 

10. Interactions of the slcptons and Higgs bosons. 

i) three scalar (two sleptons and one Higgs) couplings: 
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11. Interactions of the squarks and Higgs bosons: 
i) three scalar couphngs: 
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ii) four scalar couplings: 
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12. Four-scalar interactions of four sleptons or two sleptons and two squarks. 
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13. Vertices containing the strong coupling constant g^. There are two basic types of 
such interactions - couphngs of the quarks and squarks with the gluons and gluinos and 
four squarks interactions. By y" we denote the matrices of the SU{3) generators in 3 
representation (generally a,b,c. . . are indices corresponding to 8 (adjoint) representation, 
a, /3, 7 ..." to 3 (basic) representation of the QCD gauge group). 
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In the next terms it is necessary to write down explicitly the color indices a, /9, 7 . . . We 
also define following abbreviations: 

Tfij yli-k ylj r>ij _ yli ylj* 

= - 46'^ Y'J = 26'^ - R% 

T/ijkl _ vIvJ y(.I+3)i* ylj yjk-k y{J+'i)l -i/ijkl _ vl^j yil+3)i ylj* yjk y(J+3)l* 



+ 



+ 



36cf^. 



2 2 
^ ^il r>kj I __^^_vilvkj , -vrilkj 



36c^ 



kjil 



+ 



1 

4 



6 



4s 



w 



36c2 



w 



2 2 2 

-(3X^X^ - X^X^ ) + ^RdRd + ^ 



'g1 .. KI L * I KL L- I * 



^^VJ Ti^KI l^LJ* yKi* yLj y{I+3)l* y{J+3)k 



36c 



,^^I^^J T^JL T^IK* y{I+3.)3 y{J+'i)i* yLl-k yKk\s: s 1 TT-TT+r)- n+ 



7 Summary 

The model described in the previous sections contains a large number of free parameters 
which considerably limit its predictive power. There are some commonly used ways to 
reduce the number of free constants in this theory. The most often employed method 
is to obtain values of the parameters at the electroweak scale by RGE running from the 
coupling constants generated at high scale by some SUSY breaking scenario. Usually such 
theories are much more unified and contain typically only few free numbers. Of course, 
there are many constraints originating from experimental data. Obviously, the masses of 
the superpartners are bounded from below by negative result of direct SUSY searches in 
collider experiments. One can find also many indirect limits: for example, if the masses of 
the superscalars are not very high, then the non-diagonal soft Yukawa couplings , Aj"^ 
etc. can lead by loop corrections to too strong flavor changing neutral currents in the 
quark sector. 

It is worth remembering that although in the supcrpotential one can have only three 
matrices of Yukawa couplings (four if right neutrino exists) , six such matrices for the soft 
SUSY breaking terms are allowed, three additional ones describing interactions of the 
superscalars with the complex conjugated Higgs doublets. Those three new couplings can 
affect various processes, in particular they are present in the formulas for the scalar mass 
matrices. In most SUSY breaking scenarios such terms are not generated, but in principle 
they are not forbidden by MSSM symmetries. 
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Appendix A MSSM Lagrangian before gauge sym- 
metry breaking 

In this Appendix we write down the Lagrangian of the MSSM in terms of the initial 
fields, before the SU{2) symmetry breaking, but already after the redefinition of the 
coupling constants described in section 3. Expressions given below should help the reader 
to compare the conventions used here with other papers and eventually check calculations 
of the vertices expressed in terms of the mass cigenstate fields. In the formulas below we 
use the 2-component fermion notation. Transition to the 4-fermion notation can be done 



by substitution: 

and similarly for the leptons. 

After the diagonalization of the Yukawa couplings the superpotential has the form {K is 
the Kobayashi-Maskawa matrix, ei2 = —£21 — —i)'- 

W = neijHlH^ + Y/eijHlLjR^ 

- Yi{HlK''Qi - HlQ{)U' - Y^iHlQi - H',K''*Qi)D' 

The MSSM Lagrangian contains the following types of interactions: 

1. Gauge boson-gaugino, gauge boson-gauge boson. 

+ \9Md,Gl - d.G;)G'^G'^ - ^-glfabcfadeGlG^'-GlG'^ 

2. Quark-squark-gauge. T* are the SU{2) generators, T* = |r*, where r* denote the 
Pauli matrices. and are the 5*^7(3) generators in the 3 and 3 representations, 
respectively. SU{3) and, wherever possible, also SU{2) indices are suppressed. Finally, 

- %(9sY^G; + g2T'Al + ^g,B,)a^% - iQ'\g^Y^Gl + g2T^Al + \g,B^)pQQ' 

- ]^g^K'^'\¥Q^a^%, + tQi*¥Qi)A; + H.c. 

+ iV2Q^*(^3l^"A^ + g2T'X\ + lgiXB)% + H.c. 
+ tg,{K''*Qi^\-^%, + K''Q(''\\%,) + H.c. 

+ (Qi, KQ,Y*{g,Y^Gl + g^TAl + -^g^B,){g^Y'G"^ + g^T^A^>^ + ^-g^B>^) j 

- ¥u{g^Y^Gl - ^-g^B,)a^¥^ - lU'^g^Y'^G^ - \giBMu' 
+ U'^g^Y-Gl - '^-g,B^){g^Y'G''^ - '^-grB^^)U' 

- ¥„{g^Y'^Gl + ^-g,B,)a^¥^ - iD'*{g,Y'^G; + lgiB,)d^D' 
+ D'\g^Y-Gl + ^-g,B^){g^Y'G'^ + ^-g,B>^)D' 

+ iV2[/^*(^3F«A^ - '^-gAB)% + iV^D'^ig^Y-Xi. + ^5iAb)*L + H.c. 

3. Lepton-slepton-gauge. 

- ^i(^2TM; - \g,B,)-a^¥^ - tL'*{g2rA^, - IqiBMl' 



+ L'*{g2rAl - \g,B,){g,T=A=^ - \g,B>^)L' 

- g^¥j,B^a>'-^'j, - ig,B^{R'*'d^R') + glR'*R'B^B'' 

+ iV2L'\g2T\\ - \gAB)K + iV2g^R'''\B^'R + H.c. 

4. Higgs boson-Higgsino-gauge. 

- ^H,{92T'Al - ]^grB^)a^^H, - iH'*(92T'A'^ - ^g^B^^H' 
+ H'%g,T% - \g,B,){g,T^A^^ - \g,B^)H' 

- tH2(^2TM; + \giB^)a'^-^H2 - iH'^ig^rA"^ + ^g,B,)pHH' 
+ H^*{g2TAl + \g^B,){g^T^A^^ + \g,B^)H^ 

+ iV2H'*{g2T\\ - ^g,\B)^Hi + iV2H^*{g2rX\ + ^<7iAb)^h2 + H.c. 

5. Yukawa couplings. 

- ^e,,^^,M/i,2 - Y/e,,^^H,¥,^R' - F/6,,M/^,vl/^Lj - Y/e,,¥^^i^Hl + H.c. 

- Y,'{-^],,%, + K''*^\,,^,)D' - Y^{-^]j,Qi + K'''^],,Qi)^'^ + H.c. 

- Y^{-Hl%, + K''*Hm,)K - Y^{-K^'Hl%, + + H.c. 

- y/(-X"*|i*j2 + - Y^{-K''<i>]j,Qi + <^]j^Q{)¥u + H.c. 

6. The scalar potential (in the Lagrangian —V appears): 

V = \{D'^GDh + D\D\ + DbDb) + F^Fi 

For the F^^Fhi and F^2^H2 terms we explicitly write down SU (3) indices in places where 
their contraction can be ambiguous = — (F")^). 

Db = l9i{lQlVl + lD'*D'-lu'^U'-Ll^Ll + 2R'*R^-Hl*Hl + Hf*Hf) 



+ {Y/fi*Hf*Ll R^ + Y^iJ*{K'^^*Hl*Qi + HI*Q[)D^ + H.c.) 

+ (Y'/r/(i^^-^U(^gf + L['Qi)R^*D-^ + H.c.) 

- {Yl^^\K^■^Hl*Qi + i/^g()t/^ + H.c.) 

= iXlfHtHlW^R' 

PrFr = {Yif^ij^kiHl*HlL^*Ll 

F'q^F^ = {Y^fHl''HlD'''D' + {Y^fHf^HfU'''U' + {Y^Y,'K''u'D'*Hl*Hf + R.C.) 

FIj^FIj = (Y^f[K'^''K'''HfHlQi*Q^ + HI*HIQ{^Q{ - {K'^*Hl^HlQi''Q{ + H.c.)] 

Fh'Fi, = {Ylf[Hl^HlQi^Qi + K^^ K^^^ Hl^ HlQi^Q^ - {K^^^ Hl^ HlQi^Qi + H.c.)] 



7. The soft SUSY breaking terms. 

2 2 ^ ^ 2 

+ ml^e.jHlH] + e,jA[^ L]R^ + A'/'^Hf^'Lj + H.c. 

+ Ai^-K'^'HlQl + HlQ{)U-^ + Xl^K'^'Hl'Ql + Hl*Qi)U^ + H.c. 



Appendix B Feynman rules 

In this appendix we complete Feynman rules for the interactions described in section 6. 
For simplicity we write down the propagators and ghost terms for ^ = 1 - extension 
to the general case is straightforward . ^-dependence of ghost vertices and Goldstone 
boson masses can be found in section 5 and section 6 point 7. All vertices are properly 
symmetrized. 



B.l Propagators 

1. Scalar particles (Higgs boson or superscalar): 



p2 _ 



2. Vector bosons: 



fj, V — rn? 

3. Fermions. Some of the MSSM fermions are Majorana spinors, what introduce addi- 
tional complications into the calculations. The detailed discussion of the Feynman rules 
for the Majorana fermions can be found e.g. in [13]. 



4. Ghosts: 
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The propagators of the quarks, squarks and the color ghosts should be multiplied by the 
factor 5"^, where a and h are as usual color indices. 



B.2 Vertices 

1. Quark-squark-gauge boson. 
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2. Lepton-slepton-gauge boson. 
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3. Higgs particle-gauge boson. 
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4. Chargino- and neutralino-gauge boson. 
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5. Chargino- and neutralino-quark and squark. 
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6. Charginos and neutralinos-leptons and sleptons. 



le 



Zy*{Zj^sw — Zflcw)PL 



•2i, 



y/2swCw 



Lt 



x 



c 



-Zi\Z'^sw + Z'^cw) + Y/zt'^'Z'^ Pl 



+ 



\/2swCw 

-eA/2^(7+3).^i,. + Y.^Z^^ZT^ Pn 



cw 



-I I —z!^Pl + y/z^J*Pr ) zt 



ij* 



Lt-- 



Xj 



—Zl'z]^+Yi'Z^l^'^'Z^Ap 



Sw 



7. Chargino- and neutralino-Higgs boson. 
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8. Leptons and quarks- Higgs particles. 
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9. Self-interactions of gauge bosons. 
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12. Interactions of the squarks and the Higgs particles. 



„, (^^I\2y2k(yIi*yIj . y(I+3)l* y(l+3)j ^ 



I 1 '72k/ AlJi.yli^yiJ+^h : AlJ ylj yiJ+3)i*\ 
I 1 ylk( A'IJ*yIi*yiJ+3)j j_ a'IJ ylj y(J+3)i*■^ 



1 ,,*v-fj>(^+3)«*\ 7lfc 

j_( aIJ ylj y{J+S)i* a IJ* yli* y{J+3)j \ y2k 
+ \^u ~ 

A'IJ* yli* 7^J+^)i a'IJ 7I3 y{J+3)i*\ ylk\ 



-vi{Y^rZ},'{Z'^*Zj^ + 

1 ylkf AlJ-k ylj y{J+3)i* , aIJ ylH, y{J+'i)j\ 
I 1 '72fc/ /i'/J*7/i7(J+3)w , 4'/J7/^*^(J+3)j^ 



1 V^72fc/, ,^7/w7{/+3)j ,,7/i7{^+3)^★^, 



1 ( ( AlJ* ylj y(J+3)i* AlJ yIi*yiJ+3)j\y 
+iA'J''*Z'Jzi^+^^'* - A'J''Z'j^*Zi^'-^^^)Z]j' 



+[{Z]^A^'* + Zjj^A:f'*)K''' - Zl^fj,Y^K'']Z^'*Z^j^^^^'' 



t 

K + /ff i [=^Ali (s" + i^zlMj) 

i -(Y'y'ZfZ]tiZl-'zf+ zij-^'^'-Zt'" 

\u.- 
t 



A« + ^? i(z^A%(s-'+^-^Zl,"Z, 



I 



I * 

i 



2 / '^-Ac^ 



HI ^ , + ^^^^£"^L^J 



1^7 



I 

I 

^ 




I \ — w \ -"w / 



1^7 



i 

I DJ -{Y^fZfZ^^K'''*K'''Z'j;*Z'j^) 



t 

I • / _ 2 

i T , r / 6 



I * 
t 

1 / 



1^7 



13. Self-interactions of the Higgs particles. 
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14. Interactions of four sleptons or two sleptons and two squarks: 
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15. Strong interactions of the quarks, squarks, gluons and gluinos. 
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For definitions of symbols Xjj, X^, Ru, Rd etc. see section 6. 
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